The geometries of one-electron reduced/oxidized species ([TOP] − /[VOP] + ) of vanadyl porphyrin (VOP) have been calculated with PBE1PBE method. The results show that for both [VOP] − and [VOP] + the ground states are triplet, in which one of the two unpaired electron occupies the d xy orbital of the V atom while the other occupies the π-orbital of porphyrin ring. Thus both [VOP] − and [VOP] + can be considered as π-radicals. The ground state of neutral VOP molecule is doublet with the unpaired electron occupying d xy orbital of V atom. In contract to the C 4v symmetry of neutral VOP molecule, [VOP] − anion has a "rectangular" distorted C 2v structure due to Jahn-Teller effect. The linear vibronic coupling constants for the Jahn-Teller active modes of [TOP] − were evaluated and the node patterns of frontier KS orbitals are used to explain the reason why the distortion occurs along specific modes. The ground state [VOP] + has a porphyrin ring with pronounced bond length alternation due to pseudo-Jahn-Teller effect, causing its symmetry declined from C 4v to C 4 . The bond length alternation is well explained with the node patterns of re-constructed frontier KS orbitals.
I. INTRODUCTION
Metalloporphyrin (MP) radicals play a crucial role in many important biological processes [1−4] . The chemical basis for the biological functions of metalloporphyrins originates from their versatility in redox and coordination properties. In recent years, the porphyrins and their analogues also receive increasing interests as new molecular conducting/semiconducting materials and photo-functional materials. As molecular conductors/semiconductors, doping with cations or anions into porphyrin-based materials is an effective route to modulate their electric properties. As sensitizing dye, the excited state charge-transfer of the porphyrins is closely connected to the opt-electric conversion efficiency of devices. It is clear that investigation on the redox properties of porphyrins and the structures of porphyrin radicals is crucial not only for understanding the mechanisms of biological charge-transfer processes of porphyrin prosthetic groups but also for developing metalloporphyrin-based new materials. For these reasons, the metalloporphyrin radicals have been extensively studied using various spectroscopic methods [5−8] , X-ray crystallography [9, 10] , and theoretical calculations [11−16] .
Vanadyl porphyrin (VOP) derivatives extensively ex- * Author to whom correspondence should be addressed. E-mail: dmchen@ustc.edu.cn, Tel.: +86-551-63606145 ist in the crude oil and oil-shale. In industry, the contents and distributions of VOPs are used to evaluate the organic matter maturity and the quality of sourcerocks [17−19] . VOPs are also used as organic optical sensors [20−22] . In addition, owing to the stable coordination of axial oxygen atom, VOPs are also important structural models to mimic the active centers of peroxidase and other heme proteins [2, 3, 23, 24] . The redox states and electron-transfer of VOPs with peripheral substituents have been studied by using UVVis and resonance Raman spectroscopy [23, 24] . Theoretical calculations of neutral VOPs and related compounds using DFT have been reported recently, with the concerns mainly on the ground state structures and their bonding/interaction with axially coordinated small molecules [25−28] . The redox species of VOPs, on the other hand, have been seldom studied by theoretical calculation.
In the present work, geometric and electronic structures of one-electron reduced/oxidized VOPs ([VOP] −
and [VOP]
+ ) are calculated with DFT method to reveal the structural distortion and vibronic coupling in these systems and to provide a deeper understanding of related spectroscopic phenomena.
II. COMPUTATIONAL METHODS
DFT calculations for the structural optimizations of VOP, [VOP] − , and [VOP] + were carried out by using the Perdew-Burke-Ernzerhof's one-parameter hy- brid functional (referred as PBE1PBE, also known as PBE0) [29] . Standard 6-31G(d) basis sets were used for C, N, O, and H, while Ahlrichs' TZVP basis sets were for V atom [30] . Analytic frequency calculations at the optimized geometries were conducted at the same level of theory as optimization to confirm the structure to be an energy minimum (with all the frequencies to be positive) or an transition structure (with a single imaginary frequency). Assignment of individual vibrational frequency has been carried out by inspecting the calculated Cartesian displacements of the corresponding normal mode. All calculations were performed with the Gaussion 09 [31] program suite on the Lenova 1800 supercomputer of USTC supercomputation center.
III. RESULTS AND DISCUSSION
A. Ground state geometry and electronic structure of neutral VOP molecule − anion. Table I lists the relative energies and expectation values of total electron spin for the studied species. From Table I , it can be found that the spin contamination is not severe and should not cause significant problem to the calculation results. For the convenience of expression, the shapes of porphyrin ring in Table I (rectangular, rhombic, square, and trapezoid) are defined with the positions of four C m atoms. For a "rectangular" structure there are two σ V planes passing through V, O, and the N atoms of the opposite pyrrole rings, while for a "trapezoid" one there exists only one such plane. For a "rhombic" structure, the two σ V planes pass V and O atoms as well as each pair of the opposite C m atoms. Figure 1 displays the molecular sketch of VOP. Due to the axial ligation of the oxygen atom, the por- + in most stable electron multiplicities. PBE1PBE optimized doublet VOP has C 4v symmetry with four equal N−V bonds (2.0845Å). The derivation of the V atom from plane of four nitrogen atoms (denoted as the N4 plane) is 0.5216Å. The V−O bond distance is 1.5665Å, which consists well with the experimental data [32] . The quartet state has C 2v symmetry (rectangular) with the four N−V bonds to be 2.0962, 2.0935, 2.0962, and 2.0935Å, respectively. For the quartet state VOP, the V−O bond distance is 1.5632Å and the distance between the V atom and the center of four N atoms is 0.4991Å. The total energy of the quartet state is significantly higher than the doublet by 174.8 kJ/mol, indicating the doublet to be the ground state of VOP. Figure 2 shows the contour diagrams for the frontier Kohn-Sham orbitals of doublet VOP molecule. It can be seen from Fig.2 that the singly occupied orbital (SOMO, 9b 1 ) is mainly composed of the d xy orbital of V(IV) ion and is basically a non-bonding orbital in character. SOMO-1 and SOMO-2 are nearly degenerate 21a 1 and 6a 2 , respectively. For normal four-coordinated [VOP] planar metalloporphryins, these two orbitals belong to a 2u and a 1u symmetries, respectively, according to the irreducible representations of D 4h point group. It is noticed that 21a 1 and 6a 2 are constructed by the p z orbitals of the C and/or N atoms and thus can be attributed to the delocalized π orbitals of the porphyrin macrocycle. The LUMO is doubly degenerate 26e (e g symmetry according to the D 4h point group), which also belongs to the π system of the porphyrin ring.
It is noteworthy that the compositions of SOMO-1, SOMO-2, and LUMO of VOP are quite similar to the HOMO, HOMO-1, and LUMO of ZnP (a typical fourcoordinate planar metalloporphyrin). Therefore, it is not surprising that the VOPs have similar electronic absorption spectra as normal four-coordinate metalloporphyrins [33, 34] .
In the following sections, we will see that the oneelectron oxidation/reduction of VOP involves mainly the π-system of the porphyrin macrocycle (i.e., the 21a 1 /6a 2 and 26e orbitals) while the 9b 1 (i.e., the d xy of V(IV) ion) orbital maintains singly occupied. Thus the one-electron reduced (or oxidized) product of VOP can be considered as a π-radical anion (or a π-radical cation).
B. Jahn-Teller distortion of [VOP]
− anion Spiro et al. have studied the UV-Vis absorption and resonance Raman spectra of electrochemically reduced vanadyl octaethylporphyrin ([VOOEP] − ) [33] . It was suggested that the electrochemically reduced species was π-radical. The resonance Raman spectrum of [VOOEP] − showed significant variations in comparison with the neutral molecule. For instance, the depolarization ratios of the totally symmetric modes (A 1g ) were increased while those of non-totally symmetric modes (B 1g ) decreased. The Raman intensities of B 1g modes were increased considerably, hinting a Frank-Condon type enhancement. The A 1g and B 1g modes which have the same local coordinates show unusual differences in vibrational frequencies. For the instance of C β −C β stretching vibrations, the frequency difference between the A 1g and B 1g modes was found to be unusually increased by as large as 40 cm −1 . From these experimental phenomena, it was concluded that compared with the neutral VOOEP, the symmetry of [VOOEP] − anion decreased and the fourth-ford axis lost. This symmetry breaking of [VOOEP] − was attributed to the Jahn-Teller (JT) effect that caused structural deformation mainly along the B 1g normal coordinates [33] . Besides [VOOEP] − , the JT distortion along the B 1g modes was also found for vanadyl tetraphenylporphyrin anion ([VOTPP] − ) from the Raman experiments [34] . Geometry optimization have been conducted for the singlet and triplet states of [VOP] − anion. The results manifest that the singlet state belongs to the C s point group with the reflection mirror passing through the oxygen and vanadium atoms and a pair of N atoms on the opposite pyrrole rings. The V−O bond-length is 1.5792Å and the distance between the V atom and the center of four N atoms is 0.5283Å. The four N−V bond distances are 2.0772, 2.0772, 2.0777, and 2.1426Å respectively, hinting that the V(IV) ion bonds tightly with three of the four N atoms while loosely with the rest one.
Under respectively. Thus the term symbol of the electronic state is 3 E. As doubly degenerate 26e is occupied with one electron, Jahn-Teller distortion is expected to occur so as to relieve the degeneration. Geometric optimization of triplet [VOP] − obtains two stationary structures, both belong to C 2v point group. The two stationary structures of triplet [VOP] − are denoted as S1 (rectangular) and TS1 (rhombic), respectively. It can be seen from Table I that the energy of singlet  [VOP] − higher than the rectangular and rhombic triplet by 108.6 and 106.8 kJ/mol, respectively, indicating the rectangular triplet to be the ground state of [VOP] − . Due to the symmetry breaking caused by J-T effect, the rectangular triplet displays significant alteration on bond-lengths. The C β −C β bonds of pyrrole rings I and III are shorter than those of the pyrrole rings II and IV by 0.0255Å, while the C α −C β bonds of rings I and III are longer than those of the pyrrole rings II and IV by 0.0274Å. The difference in bond-length between two adjacent C α −C m bonds is 0.0328Å. The difference between the C α −N bonds is only 0.0034Å, indicating a small influence of JTE on the C α −N bonds. Analytical frequency calculations reveal that the rectangular triplet (S1) has no imaginary frequency and thus is an energy minimum of the potential energy surface (PES). On the other hand, the rhombic triplet (TS1) produces single imaginary frequency (i668 cm −1 ). Moreover, the atomic displacements of this imaginary frequency indicate that it is the transition state connecting two conjugate structures of rectangular triplet. In view of the very small barrier (only 1.8 kJ/mol) of TS1, it is believed that in the triplet state [VOP] − can easily interconverse between two conjugate rectangular structures.
Analysis of the vibronic coupling in a J-T system provides information about how the electronic state controls the nuclear displacements from the original high symmetry structure to the lower one. For the case of [VOP] − , the linear vibronic coupling constant between the 3 E electronic state and the mth J-T active B 1 mode g B1,m can be expressed as [15, 16, 36] :
here, q B1,m is the dimensionless normal coordinate of the mth B 1 normal mode of the frequency ω m , which is related to the normal coordinate Q B1,m by:
where ω m is the modes' frequency in reciprocal centimeters. In order to evaluate the vibronic constants, a fictitious high symmetry structure needs to be used as the reference. In the present work we use a C 4v structure, which is averaged from two conjugated rectangular structures of [VOP] − triplet, as the reference structure. The energy difference between this C 4v reference structure and the JT-stabilized rectangular structure is 7.44 kJ/mol. This value is significantly larger than the room temperature thermal energy (about 2.48 kJ/mol), indicating that the JTE of triplet [VOP] − can be considered as a static effect in a Raman process as pointed out by Spiro et al. [33, 34] . The normal coordinates of VOP neutral molecule is used to describe the directions of structural distortion. The derivatives of the total energy (calculated using tight SCF convergence criteria) with respective to the normal modes can be computed by slightly distorting the C 4v reference structures along each B 1 normal coordinate. The vibronic coupling constants can be evaluated from the gradient of the total energy curve near the undistorted C 4v reference structure [15, 16] . Table III . In Table III the calculated frequencies have been scaled by 0.97, a factor suitable for metalloporphyrins and related compounds [37, 38] . The symbol and the local-coordinate description for each vibrational mode in Table III follow those used in the vibrational analysis of other metalloporphyrins [39, 40] .
The highest-frequency 3192 cm −1 mode in Table III  is As shown in Table III , the ν 10 , ν 11 , and ν 18 modes have large coupling constants while the ν 14 , ν 13 , and γ 17 have quite small coupling constants. The large coupling constants of ν 11 mode can be explained from the nodal pattern of the singly occupied 26e orbital. Given that a single electron occupies one component of 21e, the valence configuration of [VOP] − is ei- Fig.2 , for the 26e x orbital, the C β −C β bonds of pyrrole rings I and III are weakly bonding in character while those of the pyrrole rings II and IV are strongly anti-bonding. Similarly, one of the two adjacent C α −C m bonds is bonding in character while the other is anti-bonding. Thus the motion of the nuclei along the ν 11 and ν 10 modes can effectively modulate the relative energy level of 26e x and 26e y . On the other hand, ν 14 , ν 13 , and γ 17 have small coupling con- stants since the H β and H m atoms do not observably contribute to the 26e x /26e y orbital. Unlike ν 14 , ν 13 , and γ 17 , the ν 17 mode (1063 cm −1 ) has a rather large coupling constant (0.168) although it is assigned to the C β H β in-plane bending. However, from its atomic Cartesian displacements we find that in the ν 17 mode the C β H β in-plane bending is strongly coupled to the C β −C β stretch. Thus the rather large coupling constant of ν 17 seems borrowed from ν 11 . The 661 cm −1 mode (symmetric pyrrole folding) has a very small coupling constant (0.01). This seems reasonable as the folding of the pyrrole rings is expected to destroy the porphyrin π-system. It is interesting that out-of-plane modes γ 16 (269 cm −1 ) and γ 18 (54 cm −1 ) have quite large coupling constants. From atomic motions of these two modes, it is revealed that, while they are nominally assigned to out-of-plane modes, they do involve pyrrole translational motion in a similar way to the in-plane ν 18 mode. Clearly the very large coupling constant of the γ 18 mode should also be attributed to its small frequency (54 cm −1 ), according to Eq.(1) and Eq.(2), which leads to a large coupling constant even for a small energy change.
C. The pseudo-Jahn-Teller distortion of [VOP]
+ PBE1PBE calculation indicated that the energy of singlet [VOP] + is higher than that of the triplet by 42−46 kJ/mol ( Table I ), indicating that the ground state of [VOP] + is triplet. The singlet [VOP] + belongs to the C 2v point group with the two reflection planes passing the O and V atoms as well as each pair of opposite C m atoms. The four N atoms in singlet [VOP] + are coplanar while the four C m atoms locate alternatively up and down the N 4 plane, resulting significant out-of-plane saddling distortion. + . The pJT effect of porphyrin π-radical cations has been originally measured from the resonance Raman experiments [24] and later on been used to explain the crystallographic data of porphyrin π-radical cations [10] .
The structural parameters of pJT distorted triplet [VOP] + (C 4 point group) are listed in Table II . The N−V and V−O bond distances are 2.0800 and 1.5601Å, respectively. The four N atoms are coplanar while the V atom locates up the N4 plane by 0.5190Å. Figure 5 (a) and (b) illustrates the structure charge of triplet [VOP] + (C 4 structure) and the atomic Cartesian displacements for the i315 cm −1 mode of C 4v -3 B 2 structure. The porphryin ring of the triplet displays significant alteration for the bond-lengths due to the symmetry lowering. For instance, in the same pyrrole fivemembered ring, one C α −N bond-length is larger than another by 0.0225Å. The difference in bong-lengths between two adjacent C α −C m bonds is 0.0294Å. The pJT effect has only weak influence on the C α −C β bonds as manifested by the quite small difference (0.0023Å) in bong-lengths for each pair of C α −C β bonds in the same pyrrole ring.
With the frame of C 4v symmetry, the pJT effect of triplet [VOP] + is considered to be originated from the interaction between the (9b 1 ) 1 (21a 1 ) 1 and (9b 1 ) 1 (6a 2 ) configurations which are mixed by the vibronic perturbation. Assuming a 50:50 mixing of the two configurations and frozen of other orbitals, both the 21a 1 and 6a 2 orbitals can be considered as half populated. Thus the in-phase and/or opposite-phase combinations of the 21a 1 and 6a 2 orbitals provide an intuitional description of the overall bonding characteristic of the π-system. As shown in Fig.5(c) , the in-phase or opposite-phase combinations of the 21a 1 and 6a 2 orbitals cause one of the adjacent C α −C m bonds to be bonding in character while the other to be anti-bonding. Similarly, one of the two C α −N bonds in the same pyrrole ring is bonding while the other is anti-bonding. Especially, the pairs of C α −C m bonds and C α −N bonds, which show large alteration in the bond-lengths, are consistent with the change from bonding to anti-bonding. On the other hand, the small bond-length alteration of the pair of C α −C β bonds consists with bonding to non-bonding change. Moreover, the nodal pattern of Fig.5(c) corresponds well to the short-long alteration in the bondlengths in Fig.5(a) .
We have tried to calculate the vibronic coupling constants of [VOP] + triplet with the C 4v -3 B 1 /C 4v -3 B 2 averaged structure as the reference structure. However, we found that the total energy was very insensitive to the variation of geometry nearby the reference configuration, which seems to result from the small pJT stabi-lization energy. It seems that, in order to obtain convincible vibronic coupling constants of [VOP] + triplet, new computational methods with the precision much higher than the present one should be used.
IV. CONCLUSION
We have theoretically studied the ground state structures of neutral molecule and one-electron reduced/oxidized products of VOP at the PBE1PBE level of theory. It is found that both [ − has a rectangular-distorted structure belonging to C 2v point group. The two conjugated Jahn-Teller structures inter-converse to each other with a rhombic transition structure. The linear coupling constants of the Jahn-Teller active modes are calculated. The triplet [VOP] + also shows distortion from C 4v symmetry to C 4 due to the pseudo-Jahn-Teller effect caused by the near degeneration of electronic structures. The structural distortions of both [VOP] − and [VOP] + can be rationalized with the nodal patterns of frontier Kohn-Sham orbitals. 
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